Short-rotation coppice (SRC) is an important source of woody biomass for bioenergy. Despite the research carried out on several aspects of SRC production, many uncertainties create barriers to farmers establishing SRC plantations. One of the key economic sources of uncertainty is harvesting methods and costs; more specifically, the performance of contemporary machine methods is reviewed. We collected data from 25 literature references, describing 166 field trials. Three harvesting systems predominate: 127 used single pass cut-and-chip harvesters, 16 used double pass cut-and-store harvesters, 22 used the cut-and-bale harvester, and one study used a cut-and-billet harvester. Mean effective material capacity (EMC) was 30 Mg fresh weight h but they also perform a higher degree of material processing (cutting and chipping) than cut-and-store harvesters (only cutting) or than the cut-and-bale harvester (cutting and baling). The trend in commercial machinery is towards increased engine power for cut-and-chip and cut-and-store harvesters. No trends in EMC were documented for the recently developed cut-and-bale harvesting technique, which is presently produced in one version only. Field stocking (5-157 Mg fresh weight ha -1 in the reviewed studies) has a significant effect on harvester EMC. Lower field stocking can constrain the maximum EMC achieved by the machine given that harvesting speed can only be increased to a point. While the reviewed studies did not contain sufficient harvesting cost data for a thorough analysis, harvesting costs ranged between 6 and 99 € Mg -1 fresh weight.
A B S T R A C T
Short-rotation coppice (SRC) is an important source of woody biomass for bioenergy. Despite the research carried out on several aspects of SRC production, many uncertainties create barriers to farmers establishing SRC plantations. One of the key economic sources of uncertainty is harvesting methods and costs; more specifically, the performance of contemporary machine methods is reviewed. We collected data from 25 literature references, describing 166 field trials. Three harvesting systems predominate: 127 used single pass cut-and-chip harvesters, 16 used double pass cut-and-store harvesters, 22 used the cut-and-bale harvester, and one study used a cut-and-billet harvester. Mean effective material capacity (EMC) was 30 Mg fresh weight h -1 (cut-and-chip technique), 19 Mg fresh weight h -1 (cut-and-store technique) and 14 Mg fresh weight h -1 (cutand-bale technique). However, this comparison does not consider engine power, which varies with harvesting technique; cut-and-chip harvesters are by far the most powerful ( > 200 kW). When limiting harvesters to a maximum engine power of 200 kW, cut-and-chip harvesters achieved the lowest EMC (5 Mg fresh weight h -1 ), but they also perform a higher degree of material processing (cutting and chipping) than cut-and-store harvesters (only cutting) or than the cut-and-bale harvester (cutting and baling). The trend in commercial machinery is towards increased engine power for cut-and-chip and cut-and-store harvesters. No trends in EMC were documented for the recently developed cut-and-bale harvesting technique, which is presently produced in one version only. Field stocking (5-157 Mg fresh weight ha -1 in the reviewed studies) has a significant effect on harvester EMC. Lower field stocking can constrain the maximum EMC achieved by the machine given that harvesting speed can only be increased to a point. While the reviewed studies did not contain sufficient harvesting cost data for a thorough analysis, harvesting costs ranged between 6 and 99 € Mg -1 fresh weight.
Introduction
In the search for non-fossil fuels, woody biomass is among the sources of renewable energy with the highest potential [1] . Because of anticipated increases in the long-term demands for wood [1] the expansion of bioenergy will partly rely on dedicated energy crops [2] . However, concerns about the environmental and economic performance of woody crops, as well as technical and policy constraints must be addressed [2] . Woody biomass as a feedstock can be obtained as a by-product from forestry or it can be produced in dedicated plantations such as short-rotation coppice (SRC) [2, 3] . SRC differs from forestry in that trees are intensively managed using agricultural techniques that include high density plantings, regular harvests and rotations occurring every two to six years without replanting [4] . The choice of species for SRC depends on the local climate and soil conditions and is generally confined to fast growing tree species, mainly from the genera Populus, Salix, Eucalyptus and Robinia [5] . SRC plantations are characterised by fast growing trees of uniform size, grown in a properly designed planting scheme with a regular spacing [6] . Planned spacing should facilitate mechanical planting and harvesting of the crop.
The rotational harvesting operations should be optimised [7, 8] , because: (i) they can account for 45% of the total SRC cultivation costs [9] ; (ii) they are the second largest input of primary fossil energy in the system, after fertilisation [10] ; and (iii) they account for up to one third of the total energy input [1, 10] . In the early days of SRC mechanisation, conventional forest harvesting machines were used because of their proven performance, availability and reliability [6, 11] . However, conventional forest machinery was limited for harvesting SRC, mainly because of economic inefficiency and because of the large number of small and multiple stems in coppice systems [8] . In the early '80s the first SRC-dedicated harvester prototypes were tested in the field [12, 13] . A number of machines have been developed and tested since then, but few passed the prototype stage [14] . An overview of numerous currently available SRC harvesters can be found in [15] .
Although a great deal of information is available in the literature regarding SRC harvesting for crops and regions, an overall comparative analysis of the technical and economic performance of the harvesting operation is needed. The objectives of this review are to: (i) compile and review published case studies on mechanised SRC harvesting; (ii) compare technology types; (iii) examine crop characteristics as well as their impact on harvester performance; and (iv) evaluate overall progress in machine development.
Methodology
For this review and the subsequent analysis of the technical and economic performance of SRC harvesting operations, we assembled a database from available scientific publications, reports, and ongoing studies. The database was established by: (i) searching the Web of Knowledge and Google Scholar for the combination of the terms SRC, coppice* and/or harvest*; (ii) collecting submitted publications of the co-authors; (iii) back-tracking publications cited in the publications found in the previous two steps; and (iv) gathering unpublished data or data of ongoing studies collected by the co-authors. There were no restrictions in the year of publication or in the language. Only data quantified on site for fully mechanised harvesting of SRC were included in the database. Studies on rotation lengths exceeding six years, (motor-) manual harvesting studies and data derived from model simulations instead of from actual field trials, were excluded.
The data acquired for the database primarily focused on the technical performance of SRC harvesters, i.e. their effective field capacity (EFC; ha h -1 ) and their effective material capacity (EMC;
). Collateral information was also available on characteristics of the field trials, i.e.: location, surface area, tree genus, planting design, stem and root age, planting density, yield (in Mg ha -1 y -1 ), field stocking (in Mg ha -1 ) and wood moisture content (MC; %). If available, information on the economic performance of the harvesters was also included. The format of all data was standardised for SI units: areas as hectares (ha), weights as mega grams of fresh matter (Mg), times as hours (h), and financial costs as euro (€), taking into account inflation rates [16] . All reported times included delays inherent to the work performed. For financial costs all non-€ currencies were converted into €, using the average exchange rate of the year of publication retrieved from the European Central Bank's currency converter [17, 18] . In cases where the MC of the woody biomass was missing a representative MC value was calculated per genus and per harvesting technique by averaging the available data from publications used in this review. MC data for Platanus were found in [19] and [20] . Values that had to be converted into the aforementioned units are displayed in italics in the resulting table (Appendix A). The maximum engine power of each harvester was extracted from technical data sheets. In some cases authors were contacted directly to provide additional data or detail to complete data records. Literature references only describing prototypes were excluded from the analyses. To estimate the real consequences of field stocking on EMC for each field trial, we calculated the change (delta) in EFC required to match the median EMC for all harvesters. We analysed the performance of harvesting techniques in relation to the available field parameters and the maximum engine power of the harvester. Scheffé's method was used to test all differences between plantation characteristics, except for the effect of rotation length on yield, which was tested with the non-parametric Mann-Whitney U-test (because of deviations from normality). To compare differences between plantations harvested with different harvesting techniques, we used Kruskal-Wallis and Mann-Whitney U-tests. To test correlations between EMC, maximum engine power and plantation characteristics we used linear regression techniques.
Results

Database and field characteristics
Initially, 170 literature references were retrieved, from which only 25 were retained with information meeting the selection criteria. These selected references described a total of 166 field trials, which were used for subsequent analysis (Appendix A). Of the 166 field trials that were retained for analysis 37% were performed in Italy, followed by 17% in the United States, 13% in Germany, 13% in Sweden, 11% in Canada, and fewer yet in Brazil, Belgium, the United Kingdom and Switzerland (Fig. 1, upper panel) . Most of the harvesting was conducted on small areas: 37% on less than 1 ha and 55% on less than 2 ha (Fig. 1, middle  panel) . The majority of harvesting (87%) was performed on (and equally split between) the genera Populus and Salix, while the remaining 13% of the studies was done on Robinia, Eucalyptus and Fraxinus (Fig. 1, lower panel) .
The highest field stocking (95 Mg ha -1 ; 
Characterisation of harvesting techniques and machines
Four prominent harvesting techniques have been developed that are currently in use for SRC, i.e.: single pass cut-and-chip, double pass cut-and-store, single pass cut-and-bale, and single pass cut-and-billet (Appendix A).
The single pass cut-and-chip technique has been the most represented (127 out of 166 studies). Its enduring popularity is due to its operational flexibility with regards to plant species, shoot age and diameter, planting density and field stocking. With the cut-and-chip technique stems are cut, instantly chipped and blown into an accompanying trailer. The major advantage of this technique is that all the work is done in a single pass with only one machine, which simplifies operation planning and reduces relocation, machine rental and operator's costs [21] . Additionally, the prime movers for these systems are not dedicated and can be used for other purposes. The coppice header can be a front harvester (i.e. mounted in front of a forager) as with the New Holland 130 FB ( Fig. 2A) , or it can be a side harvester (i.e. pulled on the side by a farm tractor), as with the Ny Vraa JF Z200 (Fig. 2E) . A second way to classify cut-and-chip harvesters is as 'modified' forage harvesters (e.g. the Claas Jaguar HS2; Fig. 2B ) or as mower-chippers (e.g. the Jenz GMHT 140; Fig. 2C ) [22] . The modified forage harvesters are always front harvesters, while the mower-chippers can be either front or side harvesters. Modified forage harvesters offer high material capacity and consistent chip sizes; however, they have the disadvantage of being very heavy (the complete New Holland harvester weighs 21 Mg) and they chip the stems in a horizontal position [22] . In contrast, mower-chippers are much lighter and they chip the stems in an upright position, which makes them most suitable for dense plantations and large stem diameters [22] ; their disadvantage is potentially durability. Danfors and Nordén [23] (1992) illustrates the long-standing interest in the cut-and-chip technique; since its publication most research (73% of all field trials in our review) has focused on cut-and-chip harvesting, possibly reflecting its market dominance.
The double pass cut-and-store technique is the second most studied system (16 out of 166 studies). The approach incorporates two steps: first, stems are cut and deposited in windrows -or moved to a central location -for air drying; second, they are chipped at a later time. Initial harvesting can occur using a feller-buncher (common in traditional forestry and not discussed here), by chainsaw (which proved economically uninteresting for SRCs [24] and has therefore been omitted from this study), or by whip harvesters. Cut stems are chipped when the desired MC is reached or when the market demand is high enough. The main advantages of the cut-and-store technique are: (i) no covered storage space is needed for storage, as stems can be left outside to dry; (ii) microbial losses and undesired emissions at wood chip storage are avoided; (iii) the transport costs of the wood chips are lower due to a lower MC; and (iv) a dedicated forestry chipper can be used, as to achieve a high EMC and a favourable particle-size distribution [25] . Similar to cut-and-chip harvesters, whip harvesters can also be front (e.g. the Segerslätt Empire 2000; Fig. 2D ) or side harvesters (e.g. the Stemster MKIII; Fig. 2G ). The oldest study on a whip harvester included in our database was published in 1992 [23] , but interest and studies about this technique have continued sporadically.
The single pass cut-and-bale and the single pass cut-and-billet techniques differ from the other harvesting techniques because they produce other formats: respectively, wood bales and billets. Studies about cut-and-bale harvesting exclusively concern the Biobaler WB55 (Fig. 2F ), reported on young Eucalyptus and Salix stands (Appendix A). This technology has been recently developed and its use on SRC plantations is only documented in two publications [26, 27] , although more studies have analysed its performance on other crops. Although the cut-and-billet technique is not restricted to specific genera or stand ages, only one study was found in the literature [28] . This did not allow a meaningful analysis.
Harvesting productivity
Cut-and-chip harvesters had a significantly higher average EMC (30.0 Mg h -1 ) than whip harvesters (19.2 Mg h -1 ; p < 0.05) and cutand-bale harvesters (13.8 Mg h -1 ; p < 0.0001) ( Table 2 ). The average maximum engine power significantly differed between the cut-and-chip (342 kW), the whip (119 kW, p < 0.0001) and the cut-and-bale harvesters (144 kW, p < 0.0001). On the other hand, whip harvesters did not significantly differ from cut-and-bale harvesters in terms of EMC (p > 0.1) or of maximum engine power (p > 0.1). The cut-and-chip, whip and cut-and-bale harvesters were all used on single-and double-row plantations, while only the cut-and-bale harvester was examined on triple-row plantations. The planting density, shoot age and field The range of unit production costs was comparatively wide for the cut-and-chip and the whip harvesters (6-69 € Mg -1 and 9-99 € Mg -1 , respectively). This might be the result of outliers for both types of harvesters reported by one study [23] . These outliers had a large influence on the average cost of the whip harvesters, as they made up half of the reported values. The cost to produce woody biomass with the cut-and-bale harvester appeared more stable, but 19 out of 21 observations came from a single study (Appendix A). A concern is that available data in these cases lacked key information (e.g. Were stems chipped in the field or at a central location? Did the price include road transport? etc.), which made them difficult to compare. We evaluated whether the overall EMC (for all harvesters together) was associated with plantation characteristics. No significant correlations were found between harvester EMC and plant genera, shoot and root age, or plantation design (single, double or triple row). However, field stocking and maximum engine power proved to be positively correlated to overall EMC (p < 0.0001). Harvesting technique was not significant as an indicator variable due to the autocorrelation between engine power and harvesting technique; specifically, cut-and-chip harvesters were the only ones with maximum engine power above 200 kW.
The regression analysis was repeated for machines with an engine power below 200 kW to address the power-technique question for those machines. The SRC plantations harvested with cut-and-chip harvesters ( < 200 kW) were characterised by a significantly lower field stocking (p < 0.0001) than the average cut-and-chip harvesters combined (Table 3) . This suggests that the high overall EMC levels recorded for cut-and-chip harvesters could only be reached by harvesting SRCs with a high field stocking, which requires harvesters with a high engine power ( > 200 kW). When comparing harvesting techniques where the maximum engine powers are similar ( < 200 kW), the cut-and-chip technique had a significantly lower EMC (p < 0.01) compared to the whip and cut-andbale technique. This is no surprise; given that cut-and-chip harvesters perform an additional task (i.e. chipping) that whip harvesters do not. Additionally, this task requires much more energy than baling (as in the cut-and-bale units). The whip harvesters' EMC was not significantly different from that of the cut-and-bale harvester (p > 0.05).
Because the field stocking was significantly correlated with the harvesters' EFC and EMC, the EMC was plotted against the EFC (Fig. 3, upper panel) . It is sometimes presumed that EMC increases linearly with increasing EFC: specifically, the faster a harvester moved through the field, the more biomass it could process. However, when plotted with field stocking as isolines [10] , it is clear that the relationship between EFC and EMC was not strictly linear. The rate EFC increases for a given increase in speed follows an isoline for its respective field stocking; in other words, linear correlations fan out parallel to the displayed isolines. Delta (i.e. the change in EFC required to match the median EMC for all harvesters) had the largest magnitude where field stocking was lowest (Fig. 3, lower panel) . At sufficiently low field stocking it becomes practically impossible to alter the EFC to achieve the median EMC observed (on one occasion > 3 ha h -1 ). Conversely, at high field stocking levels, EMC becomes very sensitive to speed such that a small change in EFC could result in large changes in EMC.
Evolution of harvester technology
SRC harvesters have been the object of much technological improvement over the years. We examined whether available machinery reached a higher EMC with time, using trial date as a reference (Appendix A). The EMC of cut-and-chip harvesters has significantly increased with time (p < 0.001; R 2 =0.11; Fig. 4 , left panel; Table 4 ) and was associated with a significantly increased maximum engine power over the same time period (p < 0.0001; R 2 =0.63; Fig. 4 , right panel; Table 4 ). However, this relationship was heavily influenced by four trials from one study [23] where unexpectedly high EMCs were observed; a result which could depend on an unknown methodological bias. Therefore, additional regressions were conducted omitting these four trials and stronger correlations were observed; for EMC: p < 0.001 and R 2 =0.36 (Fig. 4 , left panel; Table 4 ), and for maximum engine power: p < 0.001 and R 2 =0.66 (Fig. 4 , right panel; Table 4 ). A slight improvement in the regression obtained for engine power was observed because these excluded observations did not have a maximum engine power > 200 kW.
Due to the evolution of whip harvester design, observations for the Fröbbesta were omitted given it has a rudimentary design adapted from nursery equipment. More recent, purpose-built whip harvesters (from 2012 onwards) were significantly (p < 0.001) more powerful than the older designs (till 1997). Regression analysis suggested that the EMC of the whip harvesters increased with increasing field stocking (p < 0.001). With the available data we could not discern specifically why more recent designs achieved higher EMCs under a similar field stocking, but plausible explanations include the higher maximum engine power (cfr. the cut-andchip harvesters) and/or the higher capacity of more powerful and durable machinery.
Discussion
The EFC of cut-and-chip harvesters was generally restricted by high field stocking, which would be associated with older stands with large stem diameters, and confirms earlier findings [10, 29] . The limiting effect of high field stocking is likely due to the capacity of the chipping mechanism, which is usually a drum chopper designed for maize adapted to woody crops, which may not be as efficient as dedicated disc chippers. SRC might also exert more physical stress on the external parts of the harvesters, resulting in delays for the harvester and collection vehicles. The EMC of cut-and-chip harvesters could increase should the adapted maize chopper be changed to an optimised wood chipper [29, 30] , and when the rollers feeding the chipper are modified to allow opening to a larger width [30] . Such modifications could also help to improve chip quality by reducing the fraction of fine chips, hence leading to better storage stability and decreased dry matter losses [31] .
The choice of the genus is another important factor when assessing wood chip quality: Robinia e.g., yields a product with a much lower MC as compared to Populus or Salix, without resorting to harvesting techniques with a lower EMC, such as cut-and-store harvesting [32] . On the other hand, whip harvesters are able to handle fields with the highest stocking, as they can process those stems with the largest diameters within the explored range, because no chipping is performed. Yet, proper directional felling or windrowing can be strongly and negatively affected if stems are too tall. The cut-and-billet technique is more expensive because of the extra processing and handling, and is therefore rarely used [6] .
Several factors that may affect the EMC of SRC harvesters were not investigated in this review: stem diameter, field slope and shape, headlands space [7, 29, 33] , support trailer capacity (in case of the cut-and-chip technique) [22] and operator experience [34] . For example, the EMC of the cut-and-bale harvester was positively affected by the average stem diameter, but negatively affected by the maximum stem diameter [26] . However, field stocking may serve as a proxy to average stem diameter in most cases. A second example would be observations that have shown that unfavourable field shape increased wood chip production cost up to 14% [22] . Legacy reports used to build the database for this review generally lacked this kind of information, which likely affected the R 2 values in these analyses. Finally, there may be unreported aspects associated with reported data; machine failure, breakdowns, and other delays may not have been reported. Machine performance in full-scale operational conditions, variable field conditions, and conditions that exceed operator experience may differ significantly from well-controlled trials.
Although the EFC and EMC of SRC harvesters (and forestry harvesters [35] ) have already significantly improved through technological advancements [33] , these advances can be undercut by poor harvest planning. The requirements of the intended harvesting system should be considered during SRC establishment: (i) headlands kept at least 8-m wide, to allow easy turning of the vehicles [10] ; (ii) field access and entry; (iii) location of storage; and (iv) row spacing adapted to the harvester [36] . EFC and EMC can be further improved by selecting harvester equipment appropriate for the species, size and planting density of the stems, area and shape of the field, field stocking, and stand age [7] . Since most harvesters have been optimised for working on large fields, there is a gap in the development of harvesters specifically designed for the (economically) efficient deployment over small-and medium-scale SRC plantations and/or irregularly shaped fields [27] . The issue of small scale and irregular shape is particularly true when using the cut-and-store technique where an allterrain, truck-mounted chipper is needed [37] . Feedstock type also plays an important role in chipper choice: a drum chipper for small material or a disc chipper if stem wood is included in the feedstock [38] . In countries with low labour costs, motor-manual coppicing is considered competitive with mechanised harvesting [39] , but it is cost prohibitive in industrialised countries [24, 40] .
One of the most common deterrents for farmers contemplating the establishment of SRC plantations is the uncertain profitability and cash flow [18] . Even though the market demand and price fluctuate, new research is continually being performed to optimize the economics of SRC [41] . Nevertheless, high SRC establishment costs, equipment investments, and uncertain profitability are a barrier to farmers considering SRC plantations [42] [43] [44] . Likewise, if harvesters or chippers are available for rental, regional accessibility plays an important role [22] . Finally, difficulties may be encountered for machinery used in ways for which it was not originally designed. For instance, the heavy weight of cut-and-chip harvesters generally requires frozen or moderately dry soils to operate efficiently, which is difficult to guarantee in temperate climates [42] . It is therefore important to continue investing in harvester development [12, [45] [46] [47] [48] [49] [50] [51] [52] , focussing on a low production cost to make SRC establishment more attractive for small landowners [53] . Other possible ways of increasing the economic feasibility of SRCs is by increasing rotation length. However, although the wood quality and field stocking increase, more powerful (and thus more expensive) harvesters or harvesters with a wider range of crop conditions are also required along with delayed cash flow [40] .
Based on this review, certain vital factors influencing the EFC and EMC of SRC harvesting have not yet been sufficiently addressed in scientific literature. Foremost, better comparisons between different harvesting techniques and operator experience should be conducted using proper comparison tests under similar operating conditions [29] . Second, more research is needed to address the economic feasibility of the harvesting process of SRC cultivation to facilitate reliable financial planning.
Conclusions
Of the four primary mechanical techniques for harvesting SRC, single pass cut-and-chip harvesting has been dominating the market and has been subject to most technological advancements and research, followed by double pass cut-and-store harvesting.
Cut-and-chip harvesters had a higher EMC than whip harvesters and the cut-and-bale harvester, because they were powered by large engines. When comparisons were limited to a maximum 200 kW engine power, cut-and-chip harvesters achieved a lower EMC as compared to whip harvesters and the cut-and-bale harvester. Field stocking significantly influenced the harvesters' EFC and EMC.
To date, harvester development has consisted mainly in producing increasingly larger and powerful machines for large-scale commercial systems. However, development of more robust, smaller and cheaper harvesters may be warranted, which would be better suited for the fragmented ownerships that characterise much of the European agriculture. Even where large farms are available, farmers are likely to plant SRC only on fields that are considered marginal for other farm activities.
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